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In order to accurately predict the performance of immersion ultrasonic 
inspection techniques, it is necessary to have a model for the transducer 
radiation process. This model should include the case of propagation 
of the ultrasonic beam at oblique incidence through liquid-solid interfaces 
of complex geometries. Included should be the effects of diffraction, 
refraction, focussing and aberrations upon the beam shape. 
Considered here are two related transducer radiation models, the 
Gaussian and the Gaussian-Hermite (G-H) beam theories. These theories 
are based on work previously reported in the optics literature (1), (2), 
(3), and more recently applied to the modeling of ultrasonic transducer 
radiation fields (4), (5),and (6). The first is a computationally simple, 
zeroth order estimate of the beam profile based on the radiation from 
a Gaussian transducer. The parameters of the equivalent Gaussian transducer 
have been chosen to fit the piston's main lobe in the far field (5). 
The simple analytical solution for Gaussian transducer radiation under 
the Fresnel approximation makes this approach desirable. The theory also 
includes simple formulae for the effects of focussing and refraction when 
the beam is incident at oblique incidence to curved interfaces. These 
are based on the assumption that the beam retains its Gaussian shape after 
transmission through the interface. The theory is not expected to be 
accurate in detail in the near field where the interference induced structure 
of the radiation pattern is not reproduced. Thompson and Lopes (5) also 
suggest that the theory will not apply when beam aberrations become large. 
This is quantified by a factor h/w, where h is the distance from the central 
ray to the intersection of the 1/e rays and w is the beam radius at the 
waist as predicted by the Gaussian theory. It is suggested that "(i) 
when h/w<l aberration effects are not very significant, (ii) when l<h/w<4, 
aberrations become increasingly significant and caution must be exercised 
in using the theory, and (iii) when h/w>4 the theory should not be used 
without correction". 
The G-H beam theory is based on a complete set of orthogonal functions 
which are solutions to the scalar wave equation under an assumption equivalent 
to the Fresnel approximation. A piston transducer radiation field can 
be written as a series of these functions, the coefficients of which are 
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determined with the knowledge of the conditions in the initial plane, 
i.e., the transducer face. The lowest order term in the series is equivalent 
to the Gaussian beam theory. Thompson and Lopes (6) have developed a 
computational process for determining the effects of transmission through 
a curved interface at oblique incidence which includes beam aberrations. 
The G-H theory is expected to yield good results for all cases within 
the Fresnel approximation; however, it is computationally more difficult 
than the Gaussian approach. 
Presented here are experimentally determined beam profiles for a 
variety of measurement geometries which include both planar and cylindrical 
interfaces, planar and focussed transducers, and a wide range of incident 
angles. This data is compared to the predictions of the two theories 
and an assessment is made as to the applicability of the models. 
EXPERIMENTAL PROCEDURES 
Two categories of measurements were performed in this work. First, 
a focussed transducer was used to interrogate an object with a planar 
interface. Next, a planar probe was used to scan through a cylindrical 
interface. These two measurement configurations are shown in Fig. 1. 
The reasons for not considering the obvious case of a planar transducer 
radiating through a planar surface are two-fold. First, the phenomena 
are relatively simple. Second, the Gaussian theory has been claimed to 
be most accurate in the far field or near focal points (5) and the size 
of the immersion tank used for these experiments would not permit the 
transducer to be positioned at a great enough distance to obtain far-field 
measurements. In both of the cases depicted in Fig. 1, however, focussing 
of the beam by a) the concave lens on the transducer face, b) transmission 
through a concave solid surface, transforms the far-field behavior to 
the focal plane, thus allowing a means of evaluating the Gaussian theory 
in its most favorable regime. 
Measurements were made with a variety of broadband immersion transducers 
which are described in Table 1. 
Probe 
A 
B 
c 
D 
Type 
Focussed 
Focussed 
Focussed 
Unfocussed 
Table 1. Probe characteristics 
Diameter 
(in.) 
.75 
.5 
.5 
.5 
Focal Length 
(in.) 
4 
4 
3 
Nominal Center Frequency 
(MHz) 
10 
5 
15 
15 
Test specimens were obtained that have the appropriate surface geometry 
and contain small reflecting targets in the interior. Three different 
test specimens were used for the planar interface-focussed probe experiment. 
These are shown in Fig. 2. The first specimen was a small rectangular 
block of INlOO alloy which contained a 0.076 em (.03 in.) diameter circular 
crack in the horizontal plane parallel to the upper surface. The crack 
was implanted by diffusion bonding techniques (7). Pulse-echo reflections 
were obtained from the flaw using transducers A and B at normal incidence 
to the upper surface. The water path distance, z 0 (see Fig. la), was 
chosen so that the flaw would lie in the focal plane. The transducer 
was scanned across the flaw, parallel to the surface, and reflected wave-
forms were recorded at small increments. 
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The second sample tested was a small rectangular block of MACOR (8). 
The targets in the sample were created by drilling 0.04 em (1/64 in.) 
holes up from the bottom of the sample, ending below the upper surface. 
Holes were drilled at angles of 0, 15, 30, 45 and 60 degrees with respect 
to the vertical. The angle of the transducer with respect to the upper 
surface was chosen to produce waves which would be refracted to those 
same angles in the solid. Once again z0 was chosen such that the end 
of the hole under inspection would lie in the focal plane. The focal 
plane referred to here is that plane associated with focussing in the 
plane of the angle of incidence. Note that focussing would occur at a 
different distance in the orthogonal plane. Measurements were made with 
transducers A, B and C for each of the angles by scanning parallel to 
the upper surface. Transverse waves were used to interrogate the 45 and 
60 degree holes, while longitudinal waves were used for the smaller angles. 
The final specimen tested was a block of fused silica containing 
small spherical voids (air bubbles). On this specimen, the scan was per-
formed by translating the transducer in the axial direction, i.e., the 
distance z0 was varied, while the flaw was on the axis of the probe. 
Axial beam profiles were obtained for angles of incidence, 90 , of 0 to 
11 degrees at intervals of 1 degree. The corresponding solid angles, 
81, ranged from 0 to 50 degrees. Transducer C was used for all of these 
measurements. 
The fused silica block had one side which was cylindrical in shape 
(3 in. radius), so the planar transducer-cylindrical interface measure-
ments were also made with that specimen. The piece was mounted on a turntable 
and the flaw scanned transversely by rotating the specimen about the center 
of curvature with the transducer location fixed. Three different flaws 
were inspected with transducer D. Their depths along a line normal to 
the interface were O.Bcm, 1.54cm, and 2.55cm. According to paraxial ray 
theory, the focal distance decreases as the angle of incidence increases. 
The refracted angles of the beam in the solid which produced focussing 
at these depths were 47°, 30°, and 0°, respectively. All three of these 
flaws were scanned at angles in the solid of 0°, 10°, 20°, 30°, 40°, and 
50°. The O.Bcm deep flaw was also scanned at 47°. The distance z0 was 
set at 1.7Scm for all measurements. An axial scan was also performed 
at normal incidence on the 2.5Scm deep flaw. 
The Gaussian and G-H theories yield solutions which are monochromatic. 
The transducers, however, emit broadband pulses. In order to make compari-
sons, the recorded waveforms were Fourier transformed into the frequency 
domain and the amplitude of one particular frequency component was compared 
to the theories evaluated at that frequency. The frequency component 
chosen for comparison was generally the nominal or peak frequency of the 
transducer. 
The amplitudes of the data and theory were normalized to unity at 
peak amplitude for comparison so that the results presented here are only 
a comparison of the shape of the beam profile and not of absolute amplitude. 
In making the comparison, the theoretical profiles were squared since 
the beam profile enters the measurement during both the generation and 
detection processes (9). All of the data has been compared to the Gaussian 
theory. Results of the G-H theory were available at present, however, 
for only the cylindrical interface measurements. Due to space limitations, 
only a selected portion of the data is shown here. 
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RESULTS 
Planar Interfaces 
Figure 3 shows the results of the planar interface - focussed probe 
transverse scans with probe A for refracted angles of 0°1, 30°1, and 60°T 
in the MACOR. Probe A consistently produced profiles which were wider 
than the Gaussian theory predicted; however, the worst case, which was 
at normal incidence, showed only a 16% difference. 
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Fig. 3. Planar interface 
probe A. 
focussed probe transverse scans in MACOR with 
The large width of the experimental profile at the focal plane may 
be due to a narrowing of the effective width of the beam in the plane 
of the transducer as a result of attenuation in the thick edges of the 
lens . This effect would be more pronounced in this, the largest of the 
transducers. As can be seen from the profiles, there is a narrowing of 
the experimental profiles with respect to the Gaussian as the angle increa-
ses. This result is consistent with measurements made with the other 
tlso, the Gaussian theory seems to model the piston profile well even 
though in the 30°1 and 60°T cases the h/w is approaching the upper bound 
described earlier. As will be further demonstrated in the subsequent 
data, the Gaussian theory seems to match the experiment at the focal plane 
despite the effects of major aberrations. 
Two other profiles obtained with transducers B and C are shown in 
Fig. 4. The profiles are very much in agreement with the Gaussian predic-
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tions. The h/w for these cases are within the acceptable limits. In 
general, all of the transverse scans through the planar interface were 
in good agreement with the Gaussian theory regardless of the h/w values. 
An axial scan through the planar interface at normal incidence, obtained 
by varying the distance z 0 , is shown in Fig. Sa. The experimental profile 
is seen to be significantly wider than the Gaussian prediction although 
the location of the peak amplitude is in good agreement. A comparison 
of theoretically predicted axial profiles for both piston and Gaussian 
transducers in a single medium is shown in Fig. Sb. This indicates that 
the relative widths of the two profiles found in Fig . 5 is consistent 
with the nature of the two kinds of transducers. 
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Fig. 4. Planar interface - focussed probe transverse scans in MACOR with: 
a) probe C; b) probe B. 
Figure 6 compares the positions of maximum (focal position) and half-
maximum (depth of field) axial amplitudes as a function of angle. A plot 
is made in Fig. 6a of the z0 location at which maximum amplitude occurs 
versus the incident angle in water for the axial scans such as were illu-
strated in Fig. 5. The Gaussian theory predicts the location of maximum 
amplitude of the axial profile very well until the higher angles are reached. 
The bifurcation of the theory is due to different focal lengths in the 
plane of incidence and the perpendicular plane, resulting in a double 
peaked structure in the theoretical axial scans. The lower branch corres-
ponds to focussing in the plane of incidence while the upper branch corres-
ponds to focussing in the perpendicular plane. The experiment did not 
show that splitting of the peak, but instead followed the upper branch. 
Figure 6b shows the two z0 locations on either side of the peak at which 
1/2 maximum amplitude occurs plotted ver sus angle. The Gaussian is consis-
tantly narrower than the experiment until the higher angles, at which 
point the splitting of the theory causes the first 1/2 amplitude point 
to be eliminated. Also shown on the horizontal scales of Fig. 6 is the 
aberration parameter h/w. It is interesting to note that in the region 
of bifurcation the h/w>4 become increasingly unacceptable as judged in 
the criterion presented earlier. 
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Since the aberrations affect the lower branch, it can be speculated that 
their presence is related to the fact that the lower branch is not observed. 
Cylindrical Interfaces 
Figure 7 shows an axial scan for the cylindrical interface at normal 
incidence. The Gaussian theory agrees well with the experiment after 
it has been corrected for attenuation in the water (10). This replaces 
the result in a previously released article in which this correction was 
not made ( 11). 
0 5 EXPERIMENT 
GAUSSIAN W/ATTE UATION 
0 05 mch oncremen s 
Fig. 7. Axial scan through cylindrical interface at normal incidence. 
In the transverse scans of the cylindrical interface, the three bubble 
depths provide three "slices" of the beam for each of the angles at which 
an experiment was performed. Figure 8 shows the three profiles for normal 
incidence. Recall that for this case, the focal point is approximately 
at the farthest flaw. The two shallower flaws are therefore in the near 
field. A ray diagram is shown in Fig. Sa. As is expected, the Gaussian 
theory does not perform well for the two near field profiles, giving only 
a general indication of the beam profile. It does, however, agree well 
at the focal point. The G-H profile also is excellent at the focal point. 
In th~ near field, the G-H theory is able to produce an overall width 
which approximates that of the experimental data. The fine structure 
of the profile is not in detailed agreement with experiment although there 
is a strong qualitative similarity. The differences may be due to the 
clearly asymmetric character of the real transducer. The deviations of 
a transducer from an ideal piston disrupt the near field structure, but 
these deviations tend to be smoothed out in the far field. Experiments 
would have to be performed with a more ideally piston-like transducer 
before the G-H theory's ability to model near field structure can be evalu-
ated more reliably. 
The three profiles are shown again at a refracted longitudinal wave 
angle of 30° in the solid in Fig. 9. The ray diagram illustrates the 
asymmetric skewing of the beam. The closest bubble is once again in the 
near-field and the same comments made for the normal incidence case apply 
here. The medium depth flaw, however, is near the focal point and as 
can be seen, the Gaussian and G-H theories are identical to the experimental 
data on the main lobe although the G- H theory predicts a side lobe not 
seen in the experiments. The h/w for this case is approaching the upper 
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Fig. 8. Transverse scans through cylindrical interface at normal incidence: 
a) ray diagram; b) z1=0.8cm; c) zl=l.54cm; d) z1=2.SScm. 
limit of reliable use of the Gaussian theory but, as mentioned earlier, 
this does not seem to detract from the match at the focal point . The 
farthest profile is now past the focal point and the Gaussian theory is 
becoming much wider than the experiment while the G-H theory is still 
good. There is a partial agreement between the experiment and G-H theory 
in the side lobe structure. The deviation of the probe from an ideal 
piston may cause the side lobes to be disrupted. 
At 50° in the solid, all of the bubbles are past the focal point, 
the nearest one being just slightly beyond it. This case is illustrated 
in Fig. 10. The h/w for this case is undefined, meaning that the aberra-
tions are extreme. The ray diagram shows that the rays on the lower side 
of the transducer are cut off completely. For all three profiles the 
G-H theory matches the main lobe quite well and gives partial agreement 
for the side lobe structure. The Gaussian, however, is slightly wide 
at the nearest flaw and becomes worse at the larger depths. This is not 
surprising since the aberrations are so significant. Once again, though, 
the aberrations do not seem to detract from the Gaussian at the focal 
point as can be seen in Fig. 11. This case is at an angle of 47° in the 
solid for which h/w is quite large, but for which the beam is focusse d 
on the nearest flaw. The Gaussian once again reproduces the main lobe 
quite well. 
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Fig. 9. 
Fig . 10. 
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CONCLUSIONS 
When h/w<l, it had been suggested (5) that the Gaussian model should 
provide a good prediction of the central radiation lobe in the far field 
and near focal points, and an approximate estimate of the beam width in 
the near field. All of the experiments are consistent with this hypothesis. 
When h/w>4, it has been suggested (5) that the model should break down. 
Experiment indicates that, in the paraxial ray focal plane, the Gaussian 
model still predicts the transverse profile of the beam despite the presence 
of significant aberrations. However, it breaks down for larger propagation 
distances. It is believed that the success of the paraxial ray model 
in this particular region is closely related to the fact that the majority 
of rays pass near the paraxial focal point. However, the deviations of 
paths of large angle rays from that predicted by paraxial ray theory rapidly 
increases as one moves past the paraxial focal plane. 
For all cases studied, the G-H theory has been found to be in semi-
quantitative agreement with the experiments. The results do not define 
to what extent the deviations are due to non-piston behavior of the trans-
ducers and to what extent they result from approximations in the theory. 
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